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Abstract Photodynamic therapy (PDT) is a technique that
involves the activation of photosensitizers by light in the
presence of oxygen, resulting in the production of reactive
radicals that are capable of inducing cell death. The present
study evaluated the susceptibility of Streptococcus mutans and
Lactobacillus acidophilus to PDT grown as multi-species in
the biofilm phase versus in dentine carious lesions. A brain-
heart infusion culturemedium supplemented with 1% glucose,
2 % sucrose, and 1 % young primary culture of L. acidophilus
108 CFU/mL and S.mutans 108 CFU/mL was used to develop
multi-species biofilms and to induce caries on human dentine
slabs. Five different concentrations of curcumin (0.75, 1.5, 3.0,
4.0, and 5.0 g/L) were used associated with 5.7 J/cm2 light
emission diode. Four different groups were analyzed L−D−
(control group), L−D+ (drug group), L+D− (light group), and
L+D+ (PDT group). ANOVA/Tukey’s tests were conducted to
compare groups. A significant reduction (p <0.05) in cell
viability was observed in the biofilm phase following photo-
sensitization with all curcumin concentrations tested. To
achieve significant bacterial reduction (p <0.05) in carious
dentine, it was necessary to utilize 5.0 g/L of curcumin in
association with blue light. No significant reduction was found
for L−D+, supporting the absence of the drug’s dark toxicity. S.
mutans and L. acidophiluswere susceptible to curcumin in the
presence of blue light. However, due to light penetration and
drug diffusion difficulties, these microorganisms within den-
tine carious lesions were less affected than they were in the
biofilm phase.
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Introduction
Microbial biofilm can be defined as a diverse community of
microorganisms found on a surface, usually with a liquid
interface [1]. Dental plaque is the term that is commonly used
to describe the biofilm that is formed on the tooth surface. It
consists of a complex microbial community embedded in a
matrix of polymers of bacterial and salivary origin [2].
Biofilms that colonize on tooth surfaces are among the most
varied and complex biofilms that exist in nature. Clear evi-
dence shows that cells in biofilms are in a physiological state
that differs from their planktonic counterparts and tend to be
less susceptible to antimicrobial agents [3]. The formation of
acid end products through the metabolism of carbohydrates by
acidogenic microorganisms within these biofilms is an impor-
tant factor in the development of dental caries [4].
The dentine carious lesion consists of two distinct areas: an
outer layer characterized by softened, wet, highly contaminated
dentine and an inner layer that tends to be contaminated with a
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low number of microorganisms [5]. This inner layer is thought
to be susceptible to remineralization. It may be preserved
during cavity preparation, which enables the removal of less
carious tissue and decreases the risk of pulp exposure [6, 7].
Kidd et al. [8] proposed that the removal of only the softened
and wet dentine is necessary for successful carious lesions
treatment. They argued that the effective sealing of a cavity with
a restorative material is sufficient to render residual bacteria
dormant. However, distinguishing these layers and the amount
of dentine tissue that must be removed in clinical settings is
difficult. Consequently, it is essential to find an effective method
of disinfecting the dentine tissue before performing the treatment
[9]. In these circumstances, photodynamic therapy (PDT) may
represent a new approach to disinfecting the caries tissue. The
elimination of bacteria through the application of PDT inside the
tubules and away from the remaining demineralized dentine
might contribute to the development of a more conservative
approach to treat deep carious lesions [10].
PDT is based on the principle that a photoactivatable
substance known as the photosensitizer (PS) binds to the
target cell and can be activated by light of a suitable wave-
length. During this process, oxygen species, such as singlet
oxygen and free radicals, are formed, which then produce an
effect that is toxic to the cell. To have a specific toxic effect
on bacterial cells, the PS needs to be selective for certain
prokaryotic cells. By irradiation with light in the visible
range of the spectrum, the PS is excited to its triplet state,
and the energy is transferred to the molecular oxygen. Highly
reactive singlet oxygen capable of reacting with and
destroying biological systems is formed [11, 12].
The efficacy of photodynamic action on microorganisms
has been investigated extensively using various sensitizers
and light combinations. Results of several studies demon-
strated an antibacterial effect of PDT on oral bacteria in
biofilms [13, 14] and in dentine carious lesions [9, 15–18].
However, none of those studies used curcumin as a PS to kill
cariogenic bacteria.
Curcumin, a compound isolated from Curcuma longa L.,
has been used for centuries as a medicine, dietary pigment,
and spice. The drug possesses a variety of traditional phar-
maceutical applications, including treatment of liver dis-
eases, wounds, and inflamed joints, as well as for blood
purification and microbial effects [19].
Curcumin has been proven nontoxic in a number of cell
cultures and animal studies. It has a rather broad absorption
peak in the 300–500 nm range (maximum approximately
430 nm). Moreover, it exerts potent phototoxic effects in micro-
molar amounts. Therefore, curcumin has potential as a PS for
the treatment of localized superficial infections in the mouth or
on the skin [20]. In addition, this PS has economic advantages,
given its low cost, simple manipulation, and great effectiveness.
PDT might be an excellent procedure to decrease the
population of cariogenic microorganisms and to control
dental caries. The relative simplicity of the mechanism of
activation of PSs has stimulated considerable interest in this
therapeutic. The goal of the present research was to evaluate
the susceptibility of Streptococcus mutans and Lactobacillus
acidophilus to PDT grown as multi-species in the biofilm
phase versus in dentine carious lesions after sensitization
with curcumin and exposure to blue light at 450 nm.
Materials and methods
Photosensitizer
A stock solution of curcumin and curcuminoids dissolved in
N-Dimethyl-D-Glucamin (PDTPharma, Cravinhos, SP,
Brazil) was used in this study. This solution at 300 mg/mL
contains 66.7 % glucamin, 17.8 % curcumin, and 15.5 %
demethoxy and bisdemethoxycurcumin. Immediately before
the experiment, this solution was diluted in sterile distilled
water to the final concentrations of 0.75, 1.5, 3.0, 4.0, and
5.0 g/L. It was kept in the dark until it was used.
The ultraviolet-visible absorption spectra of this solution
were recorded from 300 to 700 nm using quartz cuvettes
with a 1-cm path length on a Cary 50 Bio UV-vis spectrom-
eter (Varian, Darmstadt, Germany). They were characterized
by a long wavelength maximum at 430 nm.
Light source
A blue light-emitting diode (LED) (Edixeon®, Edison Opto
Corporation, New Taipei City, Taiwan) with a real intensity
of 19 mW/cm2 in the solution for each well (with approxi-
mately 5 % of the plastic absorption of light already
deducted) and central wavelength of 450 nm was employed.
An estimated average fluency of 5.7 J/cm2 was used. The
system, which was composed of 96 LEDs, could uniformly
deliver irradiation without a heating effect due to the pres-
ence of a cooler on the sides. The distance between the LED
and the plate was intended to enable an even distribution of
light on each well. All the internal surfaces were mirrored
(Fig. 1). The power density of the incident radiation was
measured using a power meter (Coherent® USA).
Microorganisms
The following common cariogenic pathogens were utilized
in this study: S. mutans (ATCC25175) and L. acidophilus
(ATCC#ITAL-523). Cultures of these bacterial species were
maintained by weekly subcultures in blood agar plates. An
enriched agar medium was prepared containing 20 g/L of
trypticase soy agar (Oxoid LTD, Basingstoke, Hampshire,
England), 26 g/L of brain-heart infusion (BHI) agar (Oxoid
LTD, Basingstoke, Hampshire, England), and 10 g/L of
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yeast extract (BBL). The medium was autoclaved and cooled
to 50 °C. Then, 5 % defibrinated sheep blood (NEWPROV
LTDA, Pinhais PR Brazil) and 5 mg/mL of menadione
(Sigma Chemical Co.) were added under aseptic conditions.
For experimental purposes, organisms were grown under
microaerophilic conditions over 48 h at 36 +/−1 °C and
resuspended in BHI broth. Cells were dispersed in the broth
by vortexing and repeatedly passing through Pasteur pi-
pettes. Cell numbers were measured in a spectrophotometer
wavelength 600 nm in 1-mL cuvettes. The optical density
was defined according to the absorption characteristics of the
microorganisms. Cultures were grown until the mid-
logarithmic phase. The optical density units used were (OD
600) ∼0.4 and (OD 600) ∼0.6 to have approximately 108
cells/mL for S. mutans and L. acidophilus, respectively.
Development of biofilms
The biofilm formation was allowed to occur in presterilized
polystyrene, flat-bottomed 96-well plates. Aliquots of 150 μL
of the bacteria/BHI broth inoculum contained approximately
108 cells/mL as described in the “Microorganisms” section
were transferred into each well. The plates were then incubat-
ed under microaerophilic conditions at 36 +/− 1 °C for 7 days.
After an initial incubation period of 48 h, the liquid medium
was carefully aspirated from each well. Furthermore, the
biofilms were replenished with fresh BHI broth supplemented
with 1 g/100 mL glucose and 2 g/100 mL sucrose pro-analysis
(PA). The liquid medium was changed slowly daily to avoid
disruption of the biofilm.
Dentine carious lesions formation
In this study, 180 human third molars without any visible
structural anomalies were used. The periodontal tissue was
scaled. From each tooth, dentine fragments from the cervical
third of the root were obtained using a titanium trephine drill.
Each dentine fragment was air-dried for 60 s and weighed.
The average weight was 23 mg. The fragments were
autoclaved for 20 min at 121 °C and transferred to wells of
24-well plates, each containing 2 mL of a BHI culture
medium supplemented with 1 g/100 mL glucose and
2 g/100 mL sucrose PA. For each 50 mL of medium solution,
5 mL of 108 CFU/mL L. acidophilus (ATCC #ITAL-523)
and 5 mL of 108 CFU/mL S. mutans (ATCC #25175) were
added to induce bacterial colonization. The 24-well plates
were maintained in a micro-aerobic environment at 37 °C for
14 days. The solution was changed every 48 h. Following the
14-day period, the specimens were maintained under refrig-
eration at 4 °C until treatment.
Photodynamic treatment
The following groups were used: group L−D−: no light, no
drug; group L−D+: treated only with drug (curcumin); group
L+D−: treated only with light; and group L+D+: treated with
curcumin and light (PDT group).
Biofilms For 5 min, three wells of 96-well plates containing
the biofilms were exposed to curcumin (0.75, 1.5, 3.0, 4.0, or
5.0 g/L). All wells were simultaneously irradiated with blue
light from the diode laser for 5 min in the dark, at room
temperature. The light exposure was from below with an
irradiance of 19 mW/cm2 in each well and a fluence of
5.7 J/cm2. All plates were kept covered with polystyrene lids
to maintain the sterility of the culture during the illumination.
There was only one group of three wells with biofilms in
each 96-well plate, thereby avoiding any exposure to adja-
cent wells. During PDT, 96-well plates remained covered
with a lid and were not disturbed. After illumination, adher-
ent bacteria were dispersed and removed from each well
through the repeated passage of Pasteur pipettes. The same
experienced researcher removed all of the biofilms to ensure
that they were completely removed and did not add variabil-
ity to the results. Serial dilutions of each well were prepared
in BHI broth and 100-μL aliquots were spread over the
surfaces of the blood agar plates. The plates were incubated
under microaerophilic conditions for 72 h.
Dentine carious lesions Following the induction of dentine
carious lesion, the slabs were transferred from the 24-well
plate to individual Eppendorfs with 1 mL of BHI broth. They
were then stirred in a vortexer (60 Hz; Heidolph, Kelheim,
Germany) for 10 s to remove non-adherent bacteria on the
dentine surface. The biofilm formed on the dentine slabs
surface was removed. The carious dentine tissue was exposed.
The slabs were transferred to 96-well plates for PDT. The
curcumin concentrations and PDT protocol were the same as
those described for PDT in biofilms. After treatment, the slabs
Fig. 1 Light system with 96 LEDs delivering a uniform radiation
(mirrored device) with coolers to avoid heating effect
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were forcefully smashed in the well to disperse the bacterial
cells contained within the samples. Then, the specimens and
the solution of the well were placed into an Eppendorf and
stirred in a vortexer (60 Hz; Heidolph, Kelheim, Germany) for
60 s. From this solution, serial dilutions of each well were
prepared in BHI broth. Furthermore, 100-μL aliquots were
spread over the surfaces of the blood agar plates and then
incubated under microaerophilic conditions for 72 h.
Groups L−D− and L−D+ were kept in plates at room
temperature for a period equal to the irradiation time and
covered with aluminum foil during irradiation. Group L+D−
were irradiated with blue light from the diode laser for 5 min
in the dark at room temperature in the absence of the drug.
Three wells per group were used in each experiment and
three repetitions were performed.
The study protocols and the utilization of human teeth
were approved by the Research and Ethics Committee of the
University of Pernambuco (protocol #177/08).
Statistical analysis
The Statistical Package for Social Sciences (SPSS, Chicago,
Ill., USA, 2006), version 13.0, was used to process the data.
Differences between means were analyzed for statistical
significance using one-way ANOVA. Tukey’s test was se-
lected to evaluate the significance of all pairwise compari-
sons with a significance limit of 5 %.
Results
The data is reported as the mean of a triplicate measurement.
Survival fractions in each well were calculated by counting
the colonies on the plates (L+D+) and dividing these by the
number of colonies from the control group (L−D−).
The effects of PDT on S. mutans and L. acidophilus
grown as multi-species biofilm are illustrated in Fig. 2.
Results of least significant difference tests indicated that
the samples treated with curcumin followed by blue light,
the PDT group (L+D+), showed a significantly greater re-
duction in the number of bacteria (p <0.05) than any other
group at all curcumin concentrations (0.75, 1.5, 3.0, 4.0, and
5.0 g/L). Differences in mean survival fractions for the other
groups were modest.
The exposure of the biofilm to 0.75, 1.5, and 3.0 g/L
curcumin and subsequent illumination with light resulted in
97.5, 95, and 99.9 % reductions (p <0.05) in viable cells,
respectively. When the curcumin concentration was 4.0 and
5.0 g/L, a decrease of 100 % was obtained (p <0.05).
Figure 3 shows the effects of PDT on S. mutans and L.
acidophilus under carious dentine conditions. A small reduc-
tion of 44.4 % was observed when the dentine carious lesion
was exposed to 4.0 g/L curcumin and subsequently illumi-
nated with light (p >0.05). However, at a curcumin concen-
tration of 5.0 g/L, a significant reduction of 69.4 % (p <0.05)
was observed in viable cells. At 0.75, 1.5, and 3.0 g/L
curcumin concentrations, the effectiveness of PDT was not
supported. In the dark toxicity assays (L−D+), in concentra-
tions tested, curcumin did not show toxicity in all experi-
ments. It was also observed that, without curcumin, light
irradiation alone (L+D−) did not affect the viability of
microorganisms.
Discussion
Several researchers have reported that PDT is capable of
killing oral bacteria in planktonic cultures [21–23] and bio-
film conditions [13, 14]. If bacteria within dentine carious
lesions can be eliminated by PDT, it might have positive
consequences for dental health. In the present study, we
investigated the photodynamic effects of curcumin on S.
mutans and L. acidophilus grown as multi-species in the
biofilm phase versus in dentine carious lesions.
Fig. 2 Percentage of surviving
fractions of S. mutans and L.
acidophilus grown as multi-
species under biofilm
conditions according to
curcumin concentrations. Same
letter (A) means no significant
difference among the groups
(p >0.05)
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The photosensitizing properties of curcumin are well-
established and have been successfully used in PDT [20,
24–27]. Curcumin’s phototoxicity to microbial systems
seems to be mediated through its excited states, their subse-
quent reactions with oxygen, and the formation of reactive
species [28]. Hauvik et al. [29] measured the oxygen quan-
tum yield in different curcumin preparations and found lim-
ited 1O2 formation. Shen et al. [30] stated that once
1O2 was
formed, other reactive species, such as H2O2, could be pro-
duced to amplify the photosensitizing activity of curcumin.
Thus, the curcumin-induced photodynamic reaction may not
be related to the production of 1O2, but its mechanism might
be the production of other reactive components [27].
Curcumin and blue light at 450 nm were previously used
by our group to target oral bacteria in overall mouth disinfec-
tion by PDT. A statistically significant reduction (p <0.05) in
bacterial population was observed only when curcumin was
used in combination with blue light [31]. Another observation
concerning the photodynamic effects of curcumin was also
explored and showed S. mutans and L. acidophilus to be
single or multi-species that were both susceptible to curcumin
in the presence of blue light [32].
The results of this study showed that curcumin in combina-
tion with blue light had a significant phototoxic effect on S.
mutans and L. acidophilus grown as multi-species in the bio-
film phase (Fig. 2). All curcumin concentrations tested (0.75,
1.5, 3.0, 4.0, and 5.0 g/L) demonstrated success (p <0.05). The
smaller curcumin concentration (0.75 g/L) was sufficient to kill
97.5% of the microorganisms. Similar results have been shown
in previous studies using different PSs on oral bacteria in a
biofilm condition [11, 13, 14, 33]
Conversely, when PDT was applied to microorganisms in
dentine carious lesions, results showed that bacteria were more
resistant to PDT within decayed dentine. Furthermore, the
phototoxic effect was found to be dependent upon curcumin
concentration. It was necessary to use the highest curcumin
concentration tested (5.0 g/L) to obtain a significant reduction
(p <0.05) in viable cells. The other curcumin concentrations
tested (0.75, 1.5, 3.0, and 4.0 g/L) did not induce significant
cell death (Fig. 3). Similarly, Williams et al. [9] noted that
when S. mutans were located in a collagen matrix and in
carious human dentine, antibacterial effects were less than
those obtained using planktonic suspensions. These results
can be justified because photodynamic effects on oral micro-
organisms located in demineralized dentine may be reduced
due to decreased penetration depth of the PS, which diminishes
binding to bacterial cells, or attenuated blue-light penetration
for photoactivating the dye [9, 10]. It is possible that remaining
viable bacteria are primarily L. acidophilus. Results of a pre-
vious study demonstrated that S. mutans in planktonic cultures
were more susceptible to PDT after sensitization with
curcumin and exposure to blue light at 450 nm than L. aci-
dophilus. For S.mutans, reductions in viability of up to 99.9 %
were observed. For L. acidophilus, reductions were consider-
ably lower (37.6 %) [32].
The choice of PSs used in dentistry was strongly dependent
upon the light source used. The basic requirement for PDT
light sources is that they match the activation spectrum of the
PS and generate adequate light potency at this wavelength.
Currently, the light sources of a specific wavelength that are
most commonly applied in PDT are helium–neon lasers
(633 nm), gallium–aluminum–arsenide diode lasers (630–
690, 830, or 906 nm), and argon lasers (488–514 nm). Laser
sources have advantages, such as monochromaticity and high
potency; however, they have a high cost. However, non-laser
sources, such as LED, have become a viable technology for
PDT in the last few years, particularly for the irradiation of
easily accessible tissue surfaces. Inexpensive, flexible, and
lightweight properties are some of the advantages of LED
over laser sources [34]. Additionally, LED sources are present
in the dental routine and can be used in PDTwithout requiring
the acquisition of new equipment. Further studies employing
dental routine materials, such as LED and halogen lamps, are
necessary and may facilitate the inclusion of PDT in dental
Fig. 3 Percentage of surviving
fractions of S. mutans and
L. acidophilus grown as multi-
species in dentine carious
lesions according to curcumin
concentrations. Same letter (A)
means no significant difference
among the groups (p >0.05)
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practice [35]. In this study, curcumin was appropriately acti-
vated by an LED source (450 nm). Regarding the use of
photodynamic procedures for the inactivation of cariogenic
pathogens, the association of LED with curcumin may be
suggested, given its properties. In addition, an important im-
plication of our demonstration is the very low price of
curcumin (US $5/ug), enabling the production of a PS at an
affordable prices. That is an important requirement for turning
a PDT-type procedure into a reality.
The results of previous studies carried out by our group
[31, 32] using curcumin associated with blue light to perform
PDT highlighted the potential of PDT for use as an adjunc-
tive antimicrobial procedure after standard dental mechani-
cal biofilm removal. However, they also demonstrated the
importance of further optimization of light dosimetry and
drug concentration for bacterial photodestruction into den-
tinal tubules.
Conclusion
The results of this study showed that S. mutans and L.
acidophilus grown as multi-species in the biofilm phase
and in dentine carious lesions were susceptible to PDT after
sensitization with curcumin and exposure to blue light at
450 nm. However, due to light penetration and drug diffu-
sion difficulties, these microorganisms within dentine cari-
ous lesions were less affected than in the biofilm phase.
Therefore, the results obtained encourage the continued eval-
uation of PDT protocols using natural compounds to eradi-
cate cariogenic bacteria in decay dentine.
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